Abstract The effects of low-temperature on the crystal structure of a natural epidote [Ca 1.925 Fe 0.745 Al 2.265 Ti 0.004 Si 3.037 O 12 (OH), a = 8.8924(7), b = 5.6214(3), c = 10.1547(6)Å and b = 115.396(8)°at room conditions, Sp. Gr. P2 1 /m] have been investigated with a series of structure refinements down to 100 K on the basis of X-ray singlecrystal diffraction data. The reflection conditions confirm that the space group is maintained within the T-range investigated. Structural refinements at all temperatures show the presence of Fe 3? at the octahedral M(3) site only [%Fe(M3) = 70.6(4)% at 295 K]. Only one independent proton site was located and two possible H-bonds occur, with O(10) as donor and O(4) and O(2) as acceptors. The H-bonding scheme is maintained down to 100 K and is supported by single crystal room-T polarised FTIR data. FTIR Spectra over the region 4,000-2,500 cm -1 are dominated by the presence of a strongly pleochroic absorption feature which can be assigned to protonation of O(10)-O(4). Previously unobserved splitting of this absorption features is consistent with a NNN influence due to the presence of Al and Fe 3? on the nearby M(3) site. An additional relatively minor absorption feature in FTIR spectra can be tentatively assigned to protonation of O(10)-O(2). Low-T does not affect significantly the tetrahedral and octahedral bond distances and angles, even when distances are corrected for ''rigid body motions''. A more significant effect is observed for the bond distances of the distorted Ca(1)-and Ca(2)-polyhedra, especially when corrected for ''non-correlated motion''. The main low-T effect is observed on the vibrational regime of the atomic sites, and in particular for the two Ca-sites. A significant reduction of the magnitude of the thermal displacement ellipsoids, with a variation of U eq (defined as one-third of the trace of the orthogonalised U ij tensor) by *40% is observed for the Ca-sites between 295 and 100 K. Within the same T-range, the U eq of the octahedral and oxygen sites decrease similarly by *35%, whereas
Introduction
Epidotes are a class of hydrous sorosilicates with the following general formula: A(1)A(2)M(1)M(2)M(3)(Si 2 O 7 ) (SiO 4 )O(OH), where the A(1) and A(2) sites are mainly occupied by Ca (with coordination number CN [ 6), and M(1), M(2) and M(3) sites are mainly occupied by Al and Fe 3? (with CN = 6). In nature, cationic substitution can occur at the A(1) and A(2) and at the M(1) and M(3) sites (Franz and Liebscher 2004) . The term ''epidote'' sensu stricto (s.s.) should be used for members with composition Ca 2 Al 2 Fe 3? Si 3 O 12 (OH), according to the Commission of the International Mineralogical Association. Epidotes s.s. occur in several geological environments. They usually form during low grade metamorphism and hydrothermal activity (250-400°C, 0.1-0.2 GPa), and can be stable over a wide range of pressures and temperatures in continental and oceanic crust Schmidt 1998, 2004) . Epidote s.s. is common in metamorphosed basalts and gabbros, but also in schists and marbles where its crystals are frequently found infilling vugs or veins. Less common magmatic epidote has been also found . Several studies have shown how the stability of epidotes s.s. is controlled by P, T, by the Al/Fe 3? ratio, oxygen fugacity and fluid composition (Holdaway 1972; Liou 1973; Bird and Helgeson 1980; Bird et al. 1988; Klemd 2004) .
The crystal structure of epidote s.s. is monoclinic, with space group P2 1 /m. Several studies showed how the unit-cell constants are significantly correlated to the amount of Fe 3? , coupled to a possible symmetry reduction (to Pm, P2 1 or P 1) due to cation ordering (Franz and Liebscher 2004 and references therein Dollase 1968 Dollase , 1969 Dollase , 1971 Dollase , 1973 Gabe et al. 1973; Langer and Raith 1974; Nozik et al. 1978; Bird and Helgeson 1980; Carbonin and Molin 1980; Stergiou et al. 1987; Bird et al. 1988; Catti et al. 1988; Kvick et al. 1988; Menchetti 1995, 2004; Comodi and Zanazzi 1997; Giuli et al. 1999; Gatta et al. 2011) .
The thermo-elastic behaviour of an epidote from Valmalenco, with Fe 0.745 a.p.f.u., was recently investigated at high-P and high-T by means of synchrotron X-ray powder diffraction (Gatta et al. 2011 ) and at high-T by neutron single-crystal diffraction (on the basis of two structure refinements at 295 and 1,070 K; Gatta et al. 2010 ). The nuclear structure of epidote refined on the basis of the neutron diffraction data allowed description of: (a) the T-induced structural evolution and mean deformation mechanisms; (b) the absence of T-induced disordering phenomena (within temperature and time of the experiment), and (c) the variation of the thermal displacement regime of all the atomic sites, including the H-site. In order to provide a full description of the thermo-elastic behaviour of epidote, the aim of this study is the investigation of the low-T behaviour of the sample previously used by Gatta et al. (2010 Gatta et al. ( , 2011 ) through a series of X-ray single-crystal structure refinements between 295 and 100 K. This will allow a description of the main deformation mechanisms (e.g. polyhedral tilting, potential changes in H-bonding with cooling) along with changes of the atomic libration regime. Only one experiment was previously performed on epidote [(Ca l.98 Mn 0.02 )(Fe 0.81 A1 2.19 )Si 3 O 12 (OH)] at low-T, on the basis of one neutron structure refinement at 15 K (Kvick et al. 1988 ). In addition, examination of OH stretching modes and their pleochroic scheme is performed on the basis of single-crystal polarized infrared (FTIR) spectroscopy at room-T.
Experimental methods
A dark-green single-crystal of epidote s.s. (MA6, crystal size: 140 9 90 9 50 lm) from the same sample used by Gatta et al. (2010 Gatta et al. ( , 2011 Bedognè et al. 1993 ] have been kindly provided by Museo di Storia Naturale, Milano, Italy. Under a polarised microscope, the crystal appeared free of defects, twinning or zoning.
Diffraction data from the MA6 crystal were collected at 295 (room-T), 270, 245, 220, 195, 170, 145, 120 and 100 K with decreasing temperature (Table 1) , and at 110, 135, 160, 185, 210, 285 and 295 K with increasing temperature (Table 2 ). Intensity data were collected at the Crystallography Lab, Virginia Tech, using a Gemini diffractometer (Oxford Diffraction-Varian inc.) equipped with an EOS-CCD type detector and with a monochromatic (graphite) beam from a MoKa-radiation source (Enhance X-ray optics) operating at 50 kV and 40 mA. Detector-crystal distance was fixed at 50 mm. A series of x scans were used to collect a complete hemisphere of data to a resolution of 0.6 Å , with a fixed exposure time of 10 s per 1°frame, reaching a completeness of 99.5%. For the low-T data collections, the crystal was slowly cooled by using a Cryojet open-flow nitrogen gas system (temperature stability better than ±0.1 K and absolute temperature uncertainty at the crystal position less than ±2 K). The diffraction patterns at all temperatures confirm a metrically monoclinic lattice with reflection conditions consistent with space group P2 1 /m. Lorentz-polarization and analytical absorption corrections by Gaussian integration based upon the physical description of the crystal (CrysAlis, Oxford Diffraction 2010) were performed. Further details pertaining to the data collections are provided in Tables 1  and 2 .
Doubly-polished sections of the epidote sample were prepared from a high quality euhedral single crystal for examination of OH stretching modes using FTIR spectroscopy at the Dept. of Earth Sciences, University of Cambridge, UK. Sections parallel to (001) and (010) were mounted onto glass slides using Crystalbond TM and (2)]. Thermal ellipsoid probability factor: 99% 
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polished to a thickness of less than 10 lm. Prior to IR examination, sections were soaked for 24 h in analyticalgrade acetone to remove them from glass slides. Polarized MIR spectra were obtained using a Bruker IFS113 V spectrometer with a Bruker IRscopeII IR microscope using a Globar MIR source, KBr beamsplitter, MCT detector and a wire strip polarizer. Samples were placed over pinhole apertures for IR measurements and crystallographic axes aligned with respect to the reference frame of the IR microscope. The optics of the microscope were continuously purged with purified air to minimize unwanted absorption due to H 2 O and CO 2 . A total of 512 scans were obtained for each measurement using a resolution of 2 cm -1
.
Results: structure refinements
The intensity data of epidote collected at room temperature were processed with the programs E-STATISTICS and ASSIGN-SPACEGROUP, implemented in the WinGX suite (Farrugia 1999) . The statistics of distributions of the normalized structure factors (E's) and the Sheldrick's |E 2 -1| criterion showed that the structure is centrosymmetric (at 82.6% likelihood, |E 2 -1| = 0.927), suggesting the space group P2 1 /m as highly likely. The anisotropic structure refinement was then performed in the space group P2 1 /m using the SHELX-97 software (Sheldrick 1997) , starting from the atomic coordinates of Gatta et al. (2010) .
Only the H site was modeled as isotropic. Neutral atomic scattering factors for Ca, Al, Fe, Si, O and H were taken from the International Tables for X-Ray Crystallography (Wilson and Price 1999). The secondary isotropic extinction effect was corrected according to Larson's formalism, as implemented in the SHELXL-97 package. In the first cycles of the refinement, a mixed Al/Fe scattering curve was used for the octahedral M(1) and M(3) sites. However, a significant amount of Fe was only found at the M(3) site, consistent with the experimental finding of Gatta et al. (2010) . Convergence was rapidly achieved after a few cycles of refinement. All the principal mean-square atomic displacement parameters were positively defined and the variance-covariance matrix showed no significant correlation among the refined parameters. No peak larger than ?0.8/-0.7 e -/Å 3 was present in the final difference-Fourier map of the electron density (Table 1 ). The final agreement index (R 1 ) was 0.0357 for 120 refined parameters and 1,465 unique reflections with Fo [ 4r(Fo) ( Table 1) . Atomic coordinates are reported in Table 3 , displacement parameters in Tables 4 and 5 . Relevant bond lengths and angles are listed in Table 6 .
The intensity data collected at low-T were processed following the same protocol used for the refinement at 295 K. At all temperatures, reflection conditions and statistic criteria suggested that epidote maintains its symmetry. The anisotropic structural refinements were performed starting from the structural model previously refined at 295 K. The quality of all the low-T structure refinements is Ca ( high (Tables 1 and 2) , with no significant residuals in the difference-Fourier map of the electron density and no significant correlation among the refined parameters. The refined site positions at 100 K are reported in Table 7 , and displacement parameters in Tables 8 and 9 . Bond lengths and angles are listed in Table 6 . Site positions together with their thermal parameters, relevant bond lengths and angles pertaining to the other low-T refinements are given in Table 1 in Electronic Supplementary Material (deposited). At all temperatures, refinements led to an unrealistically short O(10)-H(1) bond distance (i.e. *0.7-0.8 Å ), as usually expected for X-ray diffraction data when proton coordinates are refined. In order to obtain a more realistic configuration of the hydroxyl group, the atomic position of the H-site was deduced on the basis of the maxima of the difference-Fourier map of the electron density, and not refined. This protocol led to more realistic bond distance values (O-H [ 0.9 Å , Table 6 and Table 1 in Electronic Supplementary Material), giving a more reliable picture of the H-bonding scheme.
Results: infrared spectra
Polarised single crystal FT-Infrared (FT-IR) absorbtion spectra obtained from epidote are consistent with incorporation of protons as OH groups with no evidence for the presence of molecular water. Spectra from the sample epidote MA6, between 3,800 and 3,000 cm -1 , are shown in Fig. 2 . Spectra were obtained using incident radiation polarised parallel to the principle crystallographic axes to aid band assignment. Spectra were thickness and background corrected using a linear background over the wavenumber range 4,000-2,800 cm -1 and were fitted using the 'Find Peaks' routine in IGOR, using Lorentzian peak profiles (method outlined in Bromiley et al. 2010) . Results of spectral fitting are shown in Table 10 . Ek[010] and Ek[001] spectra could be fitted with four peaks (Fig. 3) . For Ek[100] there is minimal absorption over the range 4,000-2,800 cm -1 and a higher signal to noise ratio in the spectrum; hence band deconvolution for this spectrum is inherently much less accurate. A best fit for this spectrum is obtained using three Lorentzian peaks. Comparison of all fitting data suggest a minimum of five distinct absorption bands in the IR spectra from epidote over the range of stretching frequencies due to O-H vibration: band 1 (3,470 cm -1 corresponding to peaks A3, B4 and C4) with the pleochroic scheme (2) O (10)ÁÁÁO (4) 2.937(3) 2.920 (3) H (1) M.P.Q.E. is the ''mean polyhedral quadratic elongation'' and AV is the ''angular variance'' as defined by Robinson et al. (1971) a Bond distance corrected for ''non-correlated motion'' following Busing and Levy (1964) assign this feature to less than one peak. Based on results, the following order of decreasing OH band total absorption, positively correlated to the concentration of H giving rise to each band, can be identified: band 3 [ band 4 [ band 5 [ band 1 [ band 2.
Discussion and conclusions
At room-T, the X-ray structure refinement leads to atomic positions in good agreement with the experimental findings of Gatta et al. (2010) . Our refinement confirms the presence Si (2) (7) 0.0061 (7) 0.0080 (7) 0.0001(6) 0.0033(6) 0.0006 (6) O (2) (Table 3) , in accordance with previous characterisation of the same epidote sample. This result agrees also with observations made by Bonazzi and Menchetti (1995) , who reported that Fe 3? is found at the M(1) site only when the volume of the M(3) polyhedron is higher than 11 Å 3 . Our structure refinement leads to a refined volume of the M(3) polyhedron of 10.85 Å 3 (Table 6 ). Only one independent proton site was located, according to Kvick et al. (1988) and Gatta et al. (2010) . Spectra were fitted following thickness correction and after subtraction of a linear background over the range 4,000-2,500 cm -1 using Lorentzian peak profiles following the procedure outlined in the text and after Bromiley et al. (2010) (4) distance and shift the OH band to higher wavenumbers). Aside from this splitting, a continuous shift in OH stretching frequency in epidote spectra is noted in Al-Fe 3? solid solutions as a function of Fe content (Liebscher et al. 2002; Liebscher 2004) . Spectra obtained from our epidote have a similar pleochroic scheme to that noted by Hanisch and Zemann (1966) , with maximum absorption parallel to [001] and relatively minor absorption parallel to [010] and [100] . However, here we note that absorption parallel to [010] is slightly greater than [100], in contrast to the experimental findings of Hanisch and Zemann (1966) . In our spectra we also observe clear splitting of the OH band into at least 5 resolvable components ( Fig. 2; Table 10 ). Most absorption is due to a prominent doublet; deconvolution of the spectra demonstrate that this feature consists of OH bands at 3,352 cm -1 (band 3) and 3,386 cm -1 (band 4). The average of these 2 bands is, within esd's, the same as the predicted OH band frequency for epidote based on published data of the effect of Fe content on OH stretching frequency, as noted by Liebscher (2004) . It appears likely that splitting of the main OH band is a common feature in epidote and zoisite IR spectra, but simply one which has not been previously resolvable. It should be noted that these 2 prominent bands (i.e. 3 and 4) have slightly different polarisations, consistent with splitting due to some NNN interaction (i.e. NNN interactions result in a slight change in O-H orientation). On the basis of X-ray (this study) and neutron (Gatta et al. 2010 ) structure refinements at room-T, we suggest that the splitting of the main OH absorption band is due to Al-Fe (2) The diffraction data collected at low-T show that, within the precision and accuracy of our CCD data, unit-cell constants vary between 295 and 100 K following the trends reported for the same epidote sample by Gatta et al. (2011) , by means of synchrotron X-ray powder diffraction up to 1,169 K (Fig. 4) . The high-T diffraction experiment led to the following thermoelastic equations: V(T)/V 0 = 1 ? s 1 9 T ? s 2 9 T 2 = 1 ? 2.1(1) 9 10 -5 9 T ? 7.3(9) 9 10 -9 9 T 2 , where s 1 and s 2 are refinable parameters;
A slight decrease of the monoclinic angle at low-T is observed, in agreement with the previous high-T experiment (Gatta et al. 2011 ). The low-T structure refinements show little or no significant variation in the geometrical parameters (e.g. atomic positions, intra-and inter-polyhedral distance and angles, polyhedral volumes). The tetrahedral and octahedral bond distances do not vary significantly over the T-range investigated, even when Fig. 2) showing the results of band deconvolution. The spectrum was fitted using 4 Lorentzian peaks after background correction. The red curve represents the observed IR spectrum, the thick blue line is the fit to the data obtained using the four peaks shown with thin black lines. The residual between actual and fitted spectra is shown offset vertically by green line bond distances are corrected for ''rigid body motions'' following Downs et al. (1992) and Downs (2000) . Structure refinements at all T confirm the presence of Fe 3? at the M(3) site only, along with Al 3? [e.g. %Fe(M3) 100K = 69.6(4)%] ( Table 7) .
The main low-T effect is observed on the vibrational regime of the atomic sites (Fig. 5) , in particular for the two Ca-sites (i.e. Ca(1) and Ca(2)). A significant monotonic reduction of the magnitude of the thermal displacement ellipsoids, with a variation of U eq (defined as one-third of the trace of the orthogonalised U ij tensor; the anisotropic displacement factor exponent takes the form: -2p 2 [(ha*) 2 U 11 ? (kb*) 2 U 22 _ ? 2hka*b*U 12 ]) by *40% is observed for both the Ca-sites between 295 and 100 K (Fig. 6 , Tables 3, 7 and Table 1 in Electronic Supplementary Material). Evolution of the root-mean-square components of the thermal ellipsoids (R1, R2 and R3, where R1 and R3 represent the longest and the shortest components, respectively, Tables 5 and 9) is shown in Fig. 6 . Whereas for the Ca(2) site a similar monotonic reduction of the three components occur, for the Ca(1) site the R1 and R2 apparently converge to similar values at T B 150 K. The vibrational regime of the Ca(1) and Ca(2) sites is slightly different over the T-range investigated: the Ca(1) site shows a lower U eq and a less pronounced anisotropy (represented by R1/R3, Tables 5 and 9) than Ca(2) at any temperature. This is basically due to the different coordination shell of the two cationic sites, with longer bond distances for Ca(2) ( Table 6 and Table 1 in Electronic Supplementary Material). The effect of the anisotropic vibrational regime of Ca(1) and Ca(2) on the Ca-O bond distance has been considered through the correction of the distances for ''non-correlated motion'' following the protocol of Busing and Levy (1964) . At room-T, the corrected Ca-O distances appear to be longer than un-corrected ones within 0.008-0.013 Å , whereas at T (K) Fig. 6 Evolution of the U eq and of the root-mean-square components (R1, R2 and R3) of the Ca(1) and Ca(2) sites with T Phys Chem Minerals (2012) 39:1-15 13 100 K the difference decreases within 0.004-0.007 Å (Table 6) . Between 295 and 100 K, the U eq of the octahedral and oxygen sites decreases similarly by *35%, whereas those of the tetrahedral cations decrease by *22%. As already observed by Gatta et al. (2010) and Kvick et al. (1988) , thermal displacement ellipsoids of the oxygen sites are only slightly pronounced (Tables 4, 8 and Table 1 in Electronic Supplementary Material). The most significant anisotropy is observed for the O(3), O(8) and O(9) oxygen sites, but still modest (with R1/R3 \ 3). This effect is maintained even at low-T (Tables 4, 8 and Table 1 in Electronic Supplementary Material), and might be driven by rotation of the Si(2)-tetrahedron due to the presence of Fe 3? at the M(3) site, if compared to a Fe-free structure (i.e. zoisite, Smith et al. 1987) .
